Abstract \Ye have applied Coherent Anti-Stokes Raman Spectroscopy (CARS) for monitoring of a variety of important molecules in combustion media. A survey of different CARS techniques ranging from simple, scanning measurements of major species like N, to single-pulse, broad-band arraydetector registration of less abundant species is made. The CARS, BOX-CARS and folded BOXCARS approaches were used observing normal rotational-vibrational, as well as pure rotational spectra. Different premixed flames were used in the investigations. Special emphasis is put on simultaneous dual-(multi-) species detection using array-detector techniques.
Introduction
A strongly increased activity in fundamental combustion research has developed during recent years, motivated by energy conservatipn-as well as environmental protection considerations. It has been widely recognized, that a deeper understanding of combustion is needed both what regards application to large-scale stationary fossil-fuel burning plants and in the automotive industry. Research aiming at such an understanding must start by simple experiments on well-defined flames and test explosion chambers. For probing highly aggressive combustion media, non-intrusive measurement techniques are best suited. Applied laser spectroscopy employing fluorescence, Raman, and coherent Raman techniques have proven t o be of great value in this context. Very high spectral-, spatial-and temporal resolution can be achieved in remote combustion measurements of this kind. Molecule and radical distributions and temperature fields can be mapped out. A number of reviews of the field have been published [I-31. Of the different laser techniques, Coherent Anti-Stokes Raman Spectroscopy (CARS) in different variants probably has the highest potential for measurements on realistic combustion processes, where high particle contents and strong turbulence are common features. CARS is a coherent Raman technique based on early observations by Maker and Terhune [4] . It falls in the category of four-wave mixing processes [5, 61. Through the third order nonlinear susceptibility x'", two photons of frequency up couple together with a photon of frequency us t o generate a new photon at W A S = = 2up-us. The process is resonantly strongly enhanced when up -us falls close t o an energy splitting of a molecule in the studied medium. The wAS photons emerge as a new coherent beam with spatial properties similar to those of the primary laser beams. Effective generation is only accomplished when a proper phase-matching condition is fulfilled. Depending on how this condition k chosen, different arrangements can be used. The coherent nature and strength of the anti-Stokes beam are the primary reasons for the great power of the method for diagnostic purposes. Further, the oAs beam occurs in a spectral region where fluorescence, induced by the pump-and Stokes beams, is almost absent, As compared to spontaneous Raman Scattering. CARS signals are typically l o 6 times stronger and fluorescence rejection lo9 times better. The pioneering CARS experiments on combustion probing were performed by Taran and co-workers in the early 70's [ 7 , 8 ] . Since then the technique has been further developed and used by many groups, out of which Eckbreth et al. should be specially mentioned. Several reviews have been published
We have performed combustion diagnostics experiments with CARS techniques since 1979 and the results of early experiments have been reported in [14, 151. In the present paper, measurements using advanced CARS techniques are described.
The material has been arranged for obtaining a pedagogical presentation of techniques of increasing complexity and p o w r . CARS, BOXCARS and folded BOXCARS experiments on different types of premixed flames are illustrated for a number of hi. portant flame constituents like NZ, Q., H2, COz, H,O and CO, Rotational-vibrational as well as pure rotational CARS has been employed.
The CARS spectral features were recorded either sequentially by slowly scanning a dye laser through the region of resonance using a photomultiplier tube t o detect the anti-Stokes beam, or simultaneously, employing a broadband dye laser in conjunction with multichannel optical detection. Special emphasis is put on single-pulse, dual-(multi-) species measurements employing broadband CARS techniques. Before a presentation of the experiments, we will outline the relevant theoretical background in the next Section. In Section 3 the different experimental arrangements will be described. In a final section after the experimental Section 4, an outlook is made with special attention paid to applications in ignition and internal-combustionengine research.
[9-131.
Theoretical considerations
As a background for the measurements, a brief account of the theory for CARS will be given here including a discussion of phase-matching and background rejection schemes. For a detailed theoretical description we refer t o papers [8, 10, 12. Coherent anti-Stokes generation is a nonlinear optical process, where a new coherent beam of characteristic frequency is formed through the interaction of two incident laser beams with a medium. For isotropic media like gases the lowest-order nonlinearity k cubic in the total applied electric field E , and the characteristic strength of the interaction is described by the third-order nonlinear susceptibility x (~) .
A schematic diagram of the CARS process is shown in the left part of Fig. 1 dent laser beams of frequencies wp and as, called the pumpand Stokes beams, respectively, interact through x ( ' ) to generate a polarization field, which produces coherent radiation at frequency wAS = 2wp -u s . The new beam emerges with spatial properties similar to those of the primary beams. The process is resonantly enhanced when wp -os is close t o the frequency of a Raman-active resonance, e.g., a vibrational molecular splitting, as shown in the figure. wAS then occurs at the anti-Stokes Raman position with regard to the pump frequency up. Apart from energy conservation, ascertained in the shown diagram, the phase-matching condition kAS = 2kp -k,; Ikl = wn/c, ensuring momentum conservation, must be fulfilled. For gases with almost zero dispersion, phase-matching can be achieved with collinear beams as shown in the upper right part of Fig. 1 . Although the major signal contribution will occur from the focal region of the primary lens due to the nonlinear nature of the CARS phenomenon further discussed below, the spatial resolution with this arrangement is limited. A special problem occurs when probing major air constituents like N2 and O2 in a flame, where the concentration at the high temperature is low and cold gas in the large beam-overlap regions outside the flame produces the dominating signal. CARS became a much more powerful tool for combustion diagnostics with the introduction by Eckbreth [19] only be generated in the common region, where all the beams overlap. By increasing the angle, the probe volume can thus be made smaller and smaller at the expense of signal intensity. Whereas excellent spatial resolution is obtained in the BOX-CARS scheme, the vicinity of the signal beam to one of the strong pump beams can cause background problems due to nonperfect optical isolation filters. This problem is also set aside in the folded BOXCARS phase-matching scheme (right, lower part of Fig. 1) [20-221. k i illustrated in the figure, the signal beam (wAS) is here well separated from the primary beams and spectral rejection is much less critical. This scheme is thus particularly valuable if the beam frequencies are close, which is the case when monitoring pure rotational CARS signals.
The power PAS of the anti-Stokes signal is, when a proper phase-matching condition as discussed above is fulfilled, given by the expression PAS = c I x ' 3 ' 1 2~p~,
( 1 1 where P p and Ps are the power of the pump-and the Stokes beam, respectively, and C is a proportionality constant. Since the Stokes beam is normally generated by a tunable laser pumped by the laser also providing the up beam, a third-power dependence on the primary laser power is obtained. Optical breakdown in the probed medium and CARS signal saturation however limit the powers that can be applied. The cubic p o m r dependence favours high pulse energies but also results in strong signal fluctuations employing lasers of customary pulse-to-pulse energy fluctuations. The spectroscopic information is contained in x ( ' ) , which can be expressed as $ is the complex resonant susceptibility for the jth Ranian transition between vibronic levels with quantum numbers v, J and 2". J ' . xnr is the non-resonant contribution due to the electrons and remote resonances. h' is the total number density of the considered molecule and A] is the normalized population difference between the levels of the jth Raman transition of crosssection (6u/6R),. Amj is the laser detuning frequency from the
For the case of a single. isolated resonance ( j = 1, i.e., a vibrational transition for cold gas) and xr % xm. which is the case for niajor gas constituents. the signal is given by which is a Lorentzian with a full halfwidth of r, the normal Ranian hnewidth. Further, the signal strength is proportional to .t'2 and inverse11 proportional to r2.
Nest. we consider the case of a single resonance of a minor consistuent diluted in a non-resonant gas. In such a case xnr 2 xr, and the signal can be expressed as
( 5 )
In addition to the Lorentzian there is a dispersive contribution proportional t o ,If, increasing with xN. The composite signal occurs in a background, increasing with (p)'. Thus, whereas in principle a signal enhancement like in polarization spectroscopy [23] can be obtained through interference with the background, the noisy background signal more frequently constitutes a problem, limiting the CARS detectivity for minor constituents of a gas mixture t o about 0 . 1 5 . This is due t o the fact, that the amplitude of the background signal cannot be easily controlled hke in polarization spectroscopy. Several schemes have been suggested for suppressing the non-resonant background [24-281. They rely on the fact, that the resonant and non-resonant contributions exhlbit different dependences on the polarizations of the incident laser beams. Ths is due to the nuclear and electronic origins, respectively, of the susceptibilities. In the BOX-CARS or folded BOXCARS geometries, a coniplete suppression of the non-resonant background can be obtained by using beam polarizations rotated 60" Kith respect t o each other. However, the background rejection also results in a strong signal reduction so that little practical advantage is obtained. Also the attractive possibility of deducing the concentration of minor species from the shape of the resonance curve, resulting from the interference with the background is lost [29] . As can be seen from eq. (5), the shape of the curve is only determined by the ratio of N and xnr. Thus, xm must be known in order t o allow a determination at N . puter code describing eqs.
(1)-(3) is needed to generate theoretical spectra, that can be used for evaluation of recorded spectra. We have used a program due to Hall [30] in our investigations. It also accounts for experimental laser linewidths and possible slit functions in broadband applications to be discussed below.
As an example of the use of the computer program and the application of CARS for temperature measurements, theoretical spectra for pure N2 of different temperature are shown in Fig. 2 . The spectroscopic constants for N2 are due t o Rahn and Owyoung [31] and a dependence of Raman linewidth on the rotational quantum number J as given by Hall [32] is accounted for. The occurrence of an increasingly prominent vibrational hot-band for increasing temperature is observed together with rotational lines of increasing strength. For the chosen laser linewidth only the e v e n J rotational transitions are resolved whereas the four times weaker o d d J transitions appear only at higher resolution as illustrated in Section 4. The difference in rotational line intensities is due t o a nuclear-spin effect, accounted for by a multiplicity factor g J , included in the individual Raman cross sections in eq. (3). For N2 (1(14N) = 1) gJ is 6 for e v e n J lines and 3 for o d d J lines. The ratio 2 results in an intensity factor of 4 due to the quadratic dependence on x (~) .
A computational example illustrating signal interference with the non-resonant background and the use of CARS for concentration deterininations is given in Fig. 3 . Curves for room teniperature and 1800K are given at 3 different concentrations of CO. It can be seen how the signal is essentially dispersive at low temperature, low-concentration conditions whereas it becomes Lorentzian for high concentrations. Hotbands and rotational asymmetry occur at the higher temperature. The problem of low-concentration determinations and the shape dependence on concentration is clearly illustrated. In the calculation, X* was set to 9.2 x 10-'9cm3erg-'. Note, that the same signal shapes are obtained if the number densities and the xN are changed by the same factor.
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Experimental arrangements
IJ-I the CARS experiments, different experimental set-ups have been used, depending on if a broadband-or a scanning experiment was performed, and if the cohnear, planar or folded-BOXCARS approach was used. However, a basic set-up is shown in Fig. 4 . A pulsed frequency-doubled Nd:YAG laser (QuantaRay DCR-l A) producing about 250mJ in 8 n s green pulses at 10 Hz, was used. 207;. of the 532 nm output beam was split off and served as a pump beam, whereas the rest was pumping a Quanta-Ray PDL-1 dye laser, which consists of an oscillator and two amplifier stages. The peak energy out of the dye laser with the most favourable dye was about 50 mJ with a line-width of about 0.3 cm-'. After spectral separation of the 1.06 pm and the 532nm beams two green beams and the dye-laser beam are shown aligned according to the planar BOXCARS configuration, which was generally used. The three laser beams were crossed at an angle of about 6 degrees using a lens of focal length $= 200".
After the passage through the flame, the three laser beams and the created CARS beam were recollimated using a second lens of the same focal length. The spectral isolation of the CARS beam was performed using dichroic filters.
The CARS signal from N2 in air was so strong that it could easily be seen with the naked eye, when projected on a white screen. In the scanning experiments, an EM1 9558QB photomultiplier was used to detect the CARS beam intensity when scanning the dye laser through the molecular resonances. The photomultiplier signal was fed to and averaged in a PARC Model 162 Boxcar integrator, equipped with a Model 165 input module. The CARS spectrum was then registrated using a stripchart recorder. In the broadband experiments, the dye-laser grating was used in zeroth order t o produce a broad wavelength distribution (about 60A wide), which was tuned to the right spectral region by changing the oscillator-dye concentration. In some cases a mixture of dyes was used. The CARS beam was then directed to a monochromator for dispersion. Two different monochromators were used, a 1 meter Jobin Yvon HR 1000 unit with a dispersion of 8 A m m -l or a home-built 2-meter Ebert spectrograph with a dispersion of about 1 Amm-' when used in the fifth gratipg order. At the exit plane of the monochromator, a diode-array detector unit (Tracor Northern TN41G) was placed, capturing the whole CARS spectrum thus enabling single-shot registrations, The detector array, which consists of 1024 diodes (2.5 mm x 25 p n ) is placed behind an image-intensifier stage and the system is Ihysica Scripta 27 gateable down to 0.5 ps for background-light suppression. The detector signals were fed to a Tracor Northern TN1710 mainframe multichannel analyzer equipped with a TN 1710-21 spectrometer module. For every laser pulse the corresponding CARS spectrum was displayed on a CRT and the digitized data were stored. The optical multichannel analyzer system was interfaced to a PDP-11 V 0 3 niini-computer for storage of the CARS spectra on discettes and for subsequent data processing. All experiments were performed using essentially two different burners. A simple Bunsen-type burner and a water-cooled burner for premixed gases equipped with sintered plates were employed. For further details concerning the flat-flame, watercooled burner we refer to [ I S ] .
Measurements
Scatiiiing CARS experiments
As was mentioned in the previous sections, several experiniental approaches have been used. employing collinear, planar or folded BOXCARS schemes with scanning or broadband registration. Further, single-or multi-species detection also utilizing pure rotational CARS was performed. In this section the representation of the measurements will be given in order of increasing level of sophistication. In Fig. 5 a scanned BOXCARS spectrum of X2 niolecules in a Bunsen-burner flame, operated with propane/air. is shown. The dye laser was scanned at a rate matching a time constant of 7 s on the Boxcar integrator. A temperature of 2070 ? 75 K was estimated from curveslike those in Fig. 2 . For comparison, a spectrum of N2 from room air is also shown. In the illustrated spectra, as well as all scanned spectra, the resolution is given by the h e w i d t h of the used laser beams. In the scanned experiments the resulting linewidth was about 1 cm-', which could be reduced t o about 0.5 cm-' using an intracakity etalon in the Nd:YAC laser. Prior t o the discussed experiment, measurements were performed using collinear CARS. However, it was not possible t o record a CARS spectrum of a type predicted by theory because of strong contributions t o the CARS signal from the surrounding cold air. The problem mentioned in Section 2 and further discussed below is due t o over-representation of (v = 0 -+ v = I ) , low-rotational-number transitions. CARS spectra of some other molecules present in flames are shown in Fig. 6 . These spectra were all recorded in the same way as the N2 spectrum. The spectrum of 0, is the one that resembles that of N, most. Every second line in the spectrum is missing due t o the nuclear spin effect (/("O) = 0. gJ = 0 for even J). Another diatomic molecule shown in the figure is H,.
This light molecule has an extremely large rotational constant, This fact makes it easy to resolve all the indiiidual rotational transitions in the Q-branch. The nuclear-spin-u.eifhting factor for H2 are 3 and 1 for odd-and e v e n J transitions. respectivel! (/('H) = 1/7'). This results in a nine-fold intensit)' alternation between rotational transitions in the H2 CARS spectrum. The large splitting between the J-transitions makes H 2 C.4RS spectra well suited for temperature measurements.
H 2 0 . being a polyatomic molecule, has a more complicated CARS spectrum than the diatomic molecules discussed so far. A recording is included in Fig. 6 . Nevertheless, it has been possible t o obtain excellent agreement between experimental and theoretical CARS spectra of H 2 0 [33] . The CARS spectrum of CH, shown in the figure is too complicated t o be complete11 analyzed; identified is only the strongly Raman-allowed transition a t a shift of 3916 cm-'.
Broadband CARS expcrivierits
So far all shown BOXCARS spectra were recorded through scanning the dye-laser. With this approach a typical time for a spectrum recording was 15 minutes. Apart from being timeconsuming, the scanning technique is not appropriate when probing media exhibiting strong time fluctuations like turbulent flames, since the CARS process is hghly nonlinear and averagjng leads t o erroneous results. It is thus desirable t o measure the whole CARS spectrum in one laser pulse. This is possible using a broadband dye laser in conjunction with a spectrally resolking optical multichannel analyzer [34] . The technique is illustrated in Fig, 7 . The spectral distribution of the broad-band dye laser is placed on the Stokes side of wp and consequently the CARS spectrum appears at the anti-Stokes side with signal components corresponding to the individual Raman shifts. The spectrum in Fig. 7 is actually an example from N2 measurements. The dyelaser spectral distribution is tuned t o the correct region by changing the concentration of the Rhodamine 640 dye, used in the oscillator. In the figure, four single-shot dye-laser spectra and one single-shot, corresponding CARS spectrum are shown as captured using the 1 m Jobin-Yvon monochromator. Using a small crossing angle in BOXCARS, a dramatic difference between collinear CARS and BOXCARS could be illustrated, since under small crossing angles both CARS and BOXCARS signals appear. By focusing all beams on the monochromator entrance slit and by blocking the CARS or the BOXCARS beam, the other beam was registrated. The results are shown in Fig. 8 . The crossing angle in these experiments was about 6 degrees and the flame was fed with propanelair. From this figure it is evident that cold Nz contributes to the signal in the CARS beam, increasing the intensity of the fundamental band, thus making temperature estimation troublesome.
The resolution of broadband CARS spectra is given by the dispersion of the spectrograph. To achieve a higher resolution than the one obtained in the recording in Fig. 8 the grating was used in a higher order. The resulting BOXCARS spectrum from N 2 in the Bunsen burner is shown in Fig. 9 . In this figure it is even possible t o resolve the odd-J transitions. The number of laser pulses used for this spectrum was 50. However. it was also 
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Fig 6 Scanned BOXCARS spectra of drfferent flame molecules possible t o record high-resolution BOXCARS spectra using only one laser pulse as further illustrated in Fig. 10 . In these spectra, with an instrumental resolution of about 1 cm-', the BOXCARS signals for hot N2 employing one laser pulse and 200 laser pulses are compared. A theoretical spectrum corresponding to the temperature 1900 K is also displayed. As is demonstrated, it is quite possible to estimate the temperature using only one laser pulse. A potential source of error in single-pulse experiments is, that the dye-laser spectral distribution changes from pulse t o pulse as seen in Fig. 7 . Therefore, to get correct temperature measurements with the single-pulse technique, it is necessary t o simultaneously capture the dye-laser spectrum. The diode-array detector is one-dimensional and correct single-pulse measurements are now not straight forward. However, work is in progress for solving this problem. When using averaging techniques with many laser pusles it is possible to compensate afterwards for the dye-laser spectral profile. This is done by replacing the flame by a high-pressure Ar cell producing a correction spectrum due t o x". This spectrum, which reflects with proper CARS nonlinearity the dye-laser profile, is then used for subsequent correction.The procedure is demonstrated in Fig. 1 CARS spectrum from a propane/oxygen flame is shown. Below is the xnr "spectrum" as selected by the dye profile acting on a 10atm pressure Ar cell. This spectrum also shows the nonuniform response of the diode array. In the lower part of the figure the normalized oxygen spectrum, as obtained by dividing channel by channel the O2 and x" curves is shown. As can be seen, this procedure is essential for correct concentration/ temperature measurements. Another example of broad-band BOXCARS spectra is shown in Fig. 12 . In this figure spectra of CO from two different flames using the large spectrograph are shown. At the top a BOXCARS spectrum of CO from a C&/O2 flame is displayed whereas a spectrum from a C,H8/air flame is shown below. Both spectra exhibit the modulation of the background as illustrated in Fig. 3 . It is clear from the strength of the hotbands, that the CJds/O, flame has a higher temperature than the CJ-18/air flame. A predominant peak at 2131 cm-' due to a transition in the 0 branch of H2 [35] is also shown in the upper spectrum. This shows that it is possible t o measure more than one molecular specie simultaneously. We have investigated this particular point in some detail. 0 2 / C 0 2 and N2/C0 are two attractive combinations for measuring two species simultaneously. O2 and CO2 have a Raman-shift difference of (1556 -1388) = 168 cm-'. Using a mixture of Rhodamine 610 and Rhodamine 640 it was possible to obtain a spectral profile in the proper region to cover both the O2 and the CO2 Stokes wavelengths. Clearly, it was necessary in these experiments to use the lowdispersion spectrograph in order to capture the CO2 and O2 BOXCARS spectra in one laser pulse. In Fig. 13 , multiple-pulse spectra illustrating simultaneous detection of O2 and COz in a CO/air flame are shown as recorded at four different lateral positions in the flame, 20 mm above the burner head, starting in the middle of the flame (a) and proceeding to the flame edge (d). Although several laser pulses were used for recording these spectra, single-shot registration gave excellent signal-to-noise ratio as shown in Fig. 14 , where one laser pulse has been used to simultaneously capture the O2 and CO2 BOXCARS spectra from the CO/air flame. The peaks in the CO2 spectrum are due to transitions between different vibrational levels and are not smeared out due to the small vibration-rotation interaction in COz. Good agreement between theoretical and experimental CO2 spectra has been achieved by Hall and Eckbreth [33] . The other example of two-species detection is shown in Fig. 15 , where both N2 and CO were detected simultaneously using one laser pulse. The difference in
Raman shifts is (233 1 -2143) = 288 cm-'. The dye used in this experiment was Rhodamine 640 and the monochromator was the Jobin-Yvon unit. In the upper part of Fig. 15 an air spectrum is shown where the dye-laser distribution is centered close to the expected CO resonance at 2143cm-'. The broad-band distribution is due to the nonresonant susceptibility x". The narrow peak at the shoulder is due to the ambient N2 in room air. In the lower part of the figure the corresponding single-pulse spectrum from the top of a fuel-rich propane/air flame is shown, The modulation of the background due to CO and the broadening of the N2 signal are evident. 
Atre rotational CARS experiments
So far CARS spectra caused by vibrational-rotational resonances have been discussed. However, using similar techniques it is possible t o probe the pure rotational resonances by CARS spectroscopy. There are several reasons why rotational CARS could be of great potential in diagnostics of combustion processes. One is that the Raman cross-section are higher and the linewidths for rotational transitions smaller than for vibrational ones which, according t o eqs. (1)- (3), favours rotational CARS. Another advantage with rotational CARS is that since most molecules have rotational Raman shifts less than 100 cm-', it is possible to simultaneously detect many species using single-pulse techniques employing a single laser dye. A major difficulty with rotational CARS has been to isolate the .CARS beam from the strong laser beams. This problem was solved with the introduction of the folded BOXCARS approach [20-221 also shown in Fig. 1 . Here all beams are separated in space and it is possible to isolate the CARS beam using an aperture. During the last few years there has been an increase in rotational CARS experiments (See, e.g.. [36, 371) . We have also performed pure rotational CARS experiments using a braodband dye-laser and a brief account of these experiments will be given here. For a more detailed description we refer t o [38] . The pure rotational CARS spectrum from air, captured in one laser pulse, is shown in Fig. 16 . are due to N2 and O2 as indicated above the spectrum. As is discussed in [39] , the intensity is dramatically decreased at tu& temperatures due to the population-difference factor. Tlus fact made it impossible t o use a broadband dye laser in flame measurements; instead a narrowband dye laser (-0.3 cm-') was used and a scanning experiment was performed with the result shown in Fig. 17 . The peaks, which essentially are due to N2> now have maximum intensity at much higher Raman shifts than in Fig. 16 , due t o the temperature increase.
. Discussion
In the previous section, several examples have been @veri illustrating how CARS signals can be used for speciesconcentration and temperature measurements. For well-defined types of flames, theoretical model predictions of number density and temperature can be compared with experimental values. CARS measurements can be combined with other laser techniques, e.g., laser-induced fluorescence. In Fig. 18 the relative OH concentration for different heights above the burner in a flat C H d air flame is shown as inferred by saturated laser-induced fluor. escence employing 282 nm excitation. Temperature values as determined from BOXCARS signals due t o N2 molecules are given for the same flame. The measurements were performed point-wise by moving the burner head vertically employing f i e d laser beams. Laser-induced fluorescence measurements can also be performed using imaging techniques as recently demon- Another field where CARS can have a great potential is in the study of spark-and ignition phenomena. We are presently applying BOXCARS for investigating sparks [52] . As an illustration of measurements of this kind a broadband BOXCARS spectrum for N2 is given in Fig. 19 . Here a DC discharge in 500 torr N2 beween two electrodes, 3 mm apart, was probed. 100 laser pulses were used for this measurement. Comparing the recorded spectrum with the ones given in Fig. 2 it is evident, that a situation far from thermal equilibrium pertains in the discharge. A high vibrational temperature (-3000 K) but a low rotational temperature (-400 K) is inferred from Fig. 19 . In spark experiments the laser is synchronized with the spark generator and the plasma can be probed at variable delay times.
As demonstrated in this paper and in a large effort at many laboratories, CARS techniques have a high potential as a diagnostic tool in connection with combustion processes. However, there are many other applications of CARS, out of which species-selective microscope imaging [53] and surface physics investigations [54] could be mentioned.
